ABSTRACT T4 phage polynucleotide kinase (PNK) displays 5¢-hydroxyl kinase, 3¢-phosphatase and 2¢,3¢-cyclic phosphodiesterase activities. The enzyme phosphorylates the 5¢ hydroxyl termini of a wide variety of nucleic acid substrates, a behavior studied here through the determination of a series of crystal structures with single-stranded (ss)DNA oligonucleotide substrates of various lengths and sequences. In these structures, the 5¢ ribose hydroxyl is buried in the kinase active site in proper alignment for phosphoryl transfer. Depending on the ssDNA length, the ®rst two or three nucleotide bases are well ordered. Numerous contacts are made both to the phosphoribosyl backbone and to the ordered bases. The position, side chain contacts and internucleotide stacking interactions of the ordered bases are strikingly different for a 5¢-GT DNA end than for a 5¢-TG end. The base preferences displayed at those positions by PNK are attributable to differences in the enzyme binding interactions and in the DNA conformation for each unique substrate molecule.
INTRODUCTION
T4 polynucleotide kinase (PNK) has become a widely used enzyme in the manipulation of polynucleotides since its discovery in 1965 (1±6). The most widely exploited function of PNK is its ability to catalyze the transfer of the g-phosphate of a nucleoside triphosphate to the 5¢-hydroxyl of a polynucleotide (1, 3, 7) . However, PNK also possesses a 3¢-phosphatase activity (8, 9 ) and a 2¢,3¢-cyclic phosphodiester hydrolysis activity (10) . These activities together allow PNK to carry out its only known biological function: the repair of bacterial tRNA anticodon loops that are cleaved as a defense against T4 phage infection (10). PNK processes the cleaved phosphodiester ends, converting them into the 5¢-phosphate and 3¢-hydroxyl substrates required for T4 RNA ligase, which then repairs the lesion.
T4 PNK can phosphorylate a wide variety of DNA andRNA substrates, including single-stranded (ss) and double-stranded (ds)DNA and RNA, with the minimum substrate being a 3¢-phosphate mononucleoside (1) . ssDNA molecules, as well as duplexes with 5¢-overhangs, are phosphorylated more ef®-ciently than are duplexes with blunt ends or 3¢-overhangs (11) . All four nucleotide bases at the 5¢ substrate end can be phosphorylated, although the ef®ciency of phosphorylation varies between bases (12, 13) . SsDNA substrates beginning with 5¢ guanine are phosphorylated~6-fold more ef®ciently than similar length ssDNA beginning with 5¢ cytosine; the enzyme also appears to slightly disfavor cytosine at the second position in potential ssDNA substrates (13) . A variety of chemically modi®ed bases and non-nucleosidic moieties are also phosphorylated when attached to the 5¢ end of an oligonucleotide (14, 15) .
The kinase activity of PNK requires the presence of Mg 2+ and has a pH optimum of 7.4 to 8.0 (1) . No kinetic cooperativity is observed, despite the enzyme's tetrameric structure (12) . The reaction proceeds by an ordered sequential mechanism, with the DNA substrate binding ®rst (12) . ATP is generally used as the phosphate donor, although other nucleotides can substitute (7) . Inversion of con®guration is observed at the phosphorus atom following transfer, indicating a direct in-line transfer of the phosphate without the formation of a phosphoryl-enzyme intermediate (16) . The ATP analog b,g-imidoadenylyl 5¢-triphosphate is a competitive inhibitor of PNK with respect to ATP and a non-competitive inhibitor with respect to the DNA substrate (17) . Mutational analyses have revealed ®ve residues essential to PNK activity (18, 19) . Four of these residues, K15, D35, R38 and R126, do not permit even conservative substitutions, while the ®fth, S16, does tolerate a change to threonine. Mutation of these residues leaves the phosphatase activity intact.
T4 PNK is active in solution as a tetramer (20±22). The crystal structure of both the isolated kinase domain (23) and of full-length PNK tetramer (24) indicate that the enzyme displays an unusual quaternary structure. Two separate protein interfaces contribute to the formation of the tetramer, one between N-terminal kinase domains only, and the other formed primarily by contacts between C-terminal phosphatase domains (24) . The structure of the PNK domain is similar to 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (25) and adenylate kinase (ADK) (26) . The phosphatase domain is part of the large haloacid dehalogenase (HAD) structural family, of which L-2-haloacid dehalogenase and phosphoserine phosphatase are two of the most similar. In this paper, the mechanism by which T4 PNK acts on a broad spectrum of DNA substrates, while demonstrating base preferences at their 5¢ end, was investigated by solving the structures of three separate complexes of PNK with different DNA substrates of variable length and different 5¢ sequence.
MATERIALS AND METHODS
Selenomethionine T4 PNK was overexpressed, puri®ed and crystallized as previously described (24) . Gel-puri®ed oligodeoxyribonucleotides d(GTC), d(GTCAC) and d(TGCAC) were purchased from Oligos Etc. Crystals were soaked overnight in a 5 ml drop of arti®cial mother liquor (5 mM MES, pH 6.5, 10% PEG 4000) containing 10 mM Ca 2+ and 0.5 mM DNA. Soaked crystals were transferred into a cryosolution of arti®cial mother liquor plus 30% (v/v) dimethyl sulfoxide (DMSO) in several steps of increasing DMSO concentration. Crystals were suspended in a ®ber loop and ash frozen in liquid nitrogen. Data were collected on beamline 5.0.1 at the ALS (Advanced Light Source, Lawrence Berkeley Laboratory) using an ADSC CCD area detector. Data were processed and scaled using HKL2000 (27) .
The structures of the complexes were solved by molecular replacement with the program EPMR (28) using the structure of the PNK holoenzyme (24) (with ADP coordinates removed) as the search model. Re®nement was performed using the CNS package (29) with 10% of re¯ections set aside for R free (30) . Visual inspection and manual adjustment of structures was done in XtalView (31) . Geometric quality of the re®ned models was evaluated using PROCHECK (32) . Additional modeling was done using QUANTA97 (1997, Molecular Simulations, Inc., San Diego, CA) and Swiss PDB Viewer (33) . Figures were prepared using PyMOL (34) .
The coordinates of the three structures have been deposited in the PDB as 1RC8 (GTCAC), 1RRC (GTC) and 1RPZ (TGCAC).
RESULTS
Previously grown crystals were soaked with DNA oligonucleotides (5¢-GTC-3¢, 5¢-GTCAC-3¢ and 5¢-TGCAC-3¢) and CaCl 2 to generate substrate complexes. Resolution of the structures ranged from 2.46 to 2.9 A Ê and all were in the I222 space group (Table 1) . Unit cell dimensions varied in length by up to 1.5 A Ê , necessitating molecular replacement for structure determination. Attempts to soak or co-crystallize the enzyme with dsDNA duplexes of any length and/or overhang structure have thus far been unsuccessful. Bound DNA is visible in all three structures. The r.m.s.d. between any of the DNA-bound PNK structures and`free' (only ADP-bound) PNK is~0.7 A Ê .
In the structure with the shortest (5¢-GTC-3¢) oligonucleotide, the ®rst two bases are visible in the kinase active site. In both structures containing longer DNA substrates (5¢-GTCAC-3¢ and 5¢-TGCAC-3¢), the ®rst three bases are visible, although the quality of the difference density for the third base is relatively poor (Fig. 1 ). All DNA bases are in the anti con®guration. The kinase active site also contains an ADP molecule, generated by hydrolysis of ATP in the crystallization buffer. No bound metal ions are seen in the kinase active site in any of the structures, presumably indicating that the scissile g-phosphate group or an appropriate analog is required for coordination of divalent cations.
The coordination and position of the terminal ribose sugar in the three structures are very similar (Figs 1 and 2), with an r.m.s.d. value of 0.4 A Ê . The 5¢ hydroxyl of the oligonucleotide points towards the b-phosphate of the ADP. The distance between the two atoms ranges from 5.3 A Ê for the GTC oligo to 6.0 A Ê for the TGCAC oligo. The space between these atoms does not contain any ordered density in any of the structures, and is suf®cient to accommodate the g-phosphate group of ATP.
The ®rst two of the DNA oligonucleotides, 5¢-GTC-3¢ and 5¢-GTCAC-3¢, differ only in their length. This variation has little effect on the conformation of the visible DNA. The deoxyguanosine and deoxythymidine nucleotides bind in essentially the same conformation (r.m.s.d. of 0.3 A Ê for comparable atoms), mostly through contacts to the sugarphosphate backbone (Figs 1 and 2 ). The bases themselves point away from the surface of the protein, and their outer edges are exposed to the solvent. Contacts to the DNA backbone are made by the side chains of residues R34, D35, R38, D85, T86 and N89. The backbone amide and carbons of D85 and T86 also contact a phosphate oxygen. The guanine base is wedged in a shallow hydrophobic pocket, with its edge exposed to solvent and an aromatic face in contact with three aliphatic residues: V131, P132 and V135. The thymine base is more exposed, and is contacted by Y52 and R38. The two ordered bases are stacked against one another, and tyrosine 52 is positioned such that one of its edges is forming a polar aromatic interaction with the thymine base at an angle of~30°f rom a parallel stacking arrangement.
Beyond the ®rst two nucleotides the quality of electron density decreases signi®cantly in both structures. In the GTC structure only the third deoxyribose sugar is observable. In contrast, in the GTCAC structure the complete deoxycytidine nucleotide is observable, modeled and re®ned, although the base does display elevated B-values. This ®nal visible nucleotide is¯ipped out and away from the ®rst two bases and lies along a distal groove on the surface of the protein (Figs 1 and 3A) . The 3¢ hydroxyl of the sugar points away from the enzyme. The cytosine base is contacted by G58, T61 and R92, while its ribose contacts the hydroxyl of Y52. It is not clear why the third (Cyt) base is more ordered in the longer DNA complex; there are no crystal lattice contacts in this region, or additional observed contacts between protein side chains and that base. However, even in the structures of longer DNA substrates the density for the third base is relatively poor, indicating that the enzyme primarily forms interactions with the ®rst two bases of ssDNA substrates, regardless of length.
To examine the effect of a different 5¢ DNA sequence on substrate recognition, the sequence of the ®rst two bases was inverted (from 5¢-GT to 5¢-TG) and a third structure was solved. At the actual site of phosphoryl transfer, the structures of PNK bound to a 5¢-TGCAC-3¢ and a 5¢-GTCAC-3¢ DNA oligonucleotide are similar. The 5¢ ribose sugar is bound in a similar conformation and position in both structures, and the corresponding 5¢ thymine base in TGCAC is located in the same hydrophobic pocket as the 5¢ guanine base in GTCAC. In contrast to the previous structure, the face of the 5¢ thymine base is only in contact with two aliphatic residues: V131 and the Ce carbon of M139 (Fig. 2) .
Beyond the 5¢ nucleotide, the bound conformations of GTCAC and TGCAC differ signi®cantly (Figs 3 and 4) . In the GTCAC structure the ®rst two bases (5¢-GT) are stacked against each other with the third (C) rotated away into a more distal protein surface groove (Fig. 3A) . In contrast, in the TGCAC structure the second base (G) is rotated away from the active site, into the same distal surface groove, where it stacks against the third base (C) (Fig. 3B) . Contacts to the ®rst phosphate group and the second ribose sugar remain much the same between the two structures, although R38 makes different contacts in the TGCAC structure due to the shift in base placement. Overall, the third nucleotide is involved in signi®cantly fewer contacts in the TGCAC structure, due to its more remote and solvent-exposed position.
The different conformations of 5¢-GTCAC-3¢ and 5¢-TGCAC-3¢ cause many of the protein side chains to exhibit signi®cantly different contacts to the two bound DNA substrates (Fig. 2) . For example, the guanine base G2 in TGCAC is contacted by R34, Y52, E57, T61 and R92. In the GTCAC structure, two of these same residues (T61 and R92) instead contact cytosine C3, while R34 and E57 do not contact any bases. The edge-to-face ring interactions seen between Y52 and the thymine base T2 in the GTCAC structure are not present in the TGCAC structure, and density quality for Y52 is quite low in that structure. Finally, the most dramatic shift in conformation and contacts is seen for R34. The conformation of that side chain swings around such that it makes extensive contacts with the guanine base instead of contacting the second phosphate, which has shifted position by 4.6 A Ê .
DISCUSSION
To our knowledge, this is the ®rst structure of a non-speci®c ssDNA binding enzyme in complex with DNA targets. In contrast, the structures of several ssDNA binding proteins that contain oligosaccharide-binding (OB) folds in complex with DNA targets have also been solved; these proteins display varying amounts of sequence speci®city and a different mode of interaction with bound ssDNA as compared to PNK. These structures include Oxytricha telomere end binding protein (TEBP) (35) , Schizosaccharomyces pombe telomeric ssDNA binding protein Pot1 (36) , Escherichia coli ssDNA-binding protein (SSB) (37), human replication protein A (RPA) (38), the DNA-binding region of BRCA2 (39) and the T4 phage GP32 ssDNA binding protein (40) . The BRCA2 protein appears to be the least sequence-speci®c of those proteins. In each case, the DNA is bound in an extended conformation spanning two or more OB domains, the nucleotide bases do not interact with one another, most bases are buried in the protein± DNA interface in complementary binding pockets, and the phosphate backbone is exposed to solvent. Sequence readout is accomplished through a combination of base-speci®c hydrogen bonds and substantial van der Waals complementarity. The conformation and position of the ssDNA, relative to the OB domain interfaces, varies signi®cantly between those structures. In contrast, ssDNA is bound to PNK such that the phosphate backbone is buried and the bases point away from the enzyme, making limited contacts to a series of hydrophobic side chains while exposing their edges to solvent.
Structures of several non-speci®c and partially speci®c dsDNA binding proteins and phosphoryl transferase enzymes localized to the minor groove, usually through contacts with the DNA backbone and additional non-speci®c contacts to bases (49) . The endonuclease Vvn deviates from this pattern in interacting only with the backbone phosphates of its DNA substrate through both direct and water-mediated hydrogen bonds (46) . In contrast, PNK interacts with its ssDNA Schematic of interactions to the ®rst three ordered bases in the PNK±DNA crystal structures. The most conserved protein±DNA contacts between the two sequences of DNA substrates are to Val 131 (which contacts the 5¢ base in both structures), D35 and T86 (which contact the 5¢ ribose sugar and its adjoining phosphate non-binding oxygen). Both residues are known to be essential for catalysis in PNK mutagenesis studies, with the exception of a T86S substitution. One methionine residue, which is actually a selenomethionine in these structures, is observed to make a long contact between its terminal methyl group and the thymine nucleotide in the TGCAC complex. However, the speci®c activity of the selenomethionyl enzyme is not reduced relative to the wild-type enzyme (data not shown).
substrate through a combination of contacts to backbone phosphates and sugars and the bases themselves. The contacts to the bases are for the most part hydrophobic contacts to their aromatic faces. Many of the protein side chains make signi®cantly different contacts depending on the exact sequence of the bases at the 5¢ end of the various substrates.
In the structures of both 5-base DNA oligonucleotides, the ®nal visible 3¢ hydroxyl is pointing out away from the surface of the protein into the solvent, and is poorly ordered. This suggests that beyond the ®rst three nucleotides the DNA substrate is not in contact with the protein, a conclusion supported by the lack of substrate sequence preference exhibited by PNK beyond the second base (12) . Modeling a dsDNA substrate, based on the observed positions of ssDNA, indicates that at least two and possibly three nucleotides at the 5¢ end of the substrate must be dissociated from their Watson± Crick partners and distorted from their B-form conformation in order to bind in the active site. Beyond the ®rst three bases, dsDNA structure can be accommodated. This observation could explain the decreased kinase ef®ciency towards dsDNA with 3¢-overhangs or blunt ends, or 5¢ overhangs less than three bases in length (11) .
PNK displays preference for certain bases at the ®rst two positions of potential kinase substrates as described in the Introduction. The structures of the ssDNA complexes described here indicate that the 5¢ DNA sequence plays a role in determining substrate preference by effecting both the substrate conformation and the resulting set of protein±DNA contacts. The most obvious difference in the two bound DNA conformations is the pattern of stacking exhibited by the three ordered bases of the substrate. Thermodynamic studies of the folding of single-stranded dinucleotide DNA molecules have shown that purine±purine stacking interactions are more stable than purine±pyrimidine stacks, which in turn are more stable than a pyrimidine±pyrimidine stack (50) . These differences are slight, however, with measured free energy difference between the purine±purine and pyrimidine±pyrimidine stacks of no more than~1 kcal/mol. This suggests that the observed conformations of the bound DNA substrates are primarily dictated by individual sets of optimized contacts to surrounding protein side chains, combined with the additional favorable stacking interactions between adjacent bases. In both structures, the observed DNA base stacking interactions follow a previously documented structural pattern of placing an extracyclic polar group of one base directly over the aromatic ring of the next base, in order to induce favorable charge dipole interactions (50) . In the PNK structures, the N4 of thymidine or the O4 of cytosine is located within 3.5 A Ê of the nearest atoms of the aromatic ring of the guanosine base.
Additional modeling experiments were performed in an attempt to further understand the preference of the enzyme for 5¢ guanine, relative to its reduced kinase activity towards substrates with 5¢ cytosine. In these analyses, the 5¢ base in the two structures were replaced with a cytosine. The main structural difference inferred from these models, relative to the crystal structures, is the loss of most non-polar van der Waals contacts between the base and the surrounding binding pocket. In particular, the removal of the methyl group from the pyrimidine base (when thymine is replaced with cytosine) eliminates contact with Val 31, which provides the primary protein contact to the 5¢ base in the bound TGCAC complex (Fig. 2) . This would leave a cytosine base at the 5¢ position with the fewest van der Waals interactions of any of the four bases, assuming that each base is located in the same hydrophobic pocket described in this study.
The structures reported here correlate well with previously published mutational data. All ®ve of the residues essential for kinase activity make contact with either the ADP or DNA molecule. Residues K15, S16 and R126 contact the bphosphate of the ADP molecule in a similar manner to that described previously (24) . In addition, R126 is positioned such that it has the potential to interact with the g-phosphate of ATP, presumably acting to stabilize the expected phosphoanion transition state. On the other side of the active site, R38 contacts the phosphate group of the 5¢ base of the bound oligonucleotide. The ®nal essential residue, D35, contacts both R38 and the 5¢ hydroxyl of the DNA oligonucleotide. This placement allows it to assist in proper positioning of R38 as well as the phosphate acceptor end of the DNA substrate. The position of D35 is similar to one of the conformations reported previously for the enzyme±ADP complex (24) ; however the alternate conformation is not seen in the complex structures. This could be a result of the DNA stabilizing one conformation in the absence of the catalytic Mg 2+ . Although Ca 2+ was part of the soak conditions, no bound metal was found in the active site. The complex structures do contain enough room for D35 to assume the alternate conformation and possibly bind both the 5¢ hydroxyl and a metal ion.
Overlaying the DNA-bound structures of PNK with its closest structural homolog, ADK bound to its adenylate substrate and a non-hydrolyzable ATP analog (26) , reveals substantial differences in substrate interaction mechanisms. The PNK substrates are sitting in clefts on the surface of the protein, with only the catalytic phosphoryl transfer site and the 5¢ ribose and hydroxyl secluded from solvent. The DNA bases appear accessible to the solvent, especially on their outer edges, with most binding contacts occurring to the backbone. The phosphates of the ADP molecule are also speci®cally bound and more secluded from solvent as they enter the active site tunnel, but the remainder of the ADP is solvent exposed. In contrast, the substrates of ADK are almost completely secluded in the interior of the protein. This is accomplished in part by the signi®cant movement of a lid domain absent in PNK. In the absence of substrate, the ADK lid domain is open to permit access to the substrate binding sites. In the presence of bound substrate, the lid domain has swung down and almost completely encloses the substrates within the protein. Only a portion of the base on the AMPPNP molecule in the structure appears to remain accessible to solvent. This results in more speci®c contacts between protein residues and the adenine bases, especially for the AMP molecule when compared with the DNA in the PNK structure.
